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Localized surface plasmon resonance (LSPR) excited in metal nanoparticles 
has been utilized in various graphene based optoelectronic applications. However, 
the electromagnetic coupling between LSPR and graphene has not been studied 
systematically. In this thesis, the electromagnetic coupling between the two 
parties is studied by varying the spacer layer thickness between them. The 
investigation starts with very thin spacer layer. By increasing the spacer layer 
thickness in a very small range from 0.3 nm to 0.8 nm an obvious blue shift is 
observed in the resonance wavelength of LSPR. The induced shifting corresponds 
to a resonance wavelength shift of approximately 12 nm for every nanometer 
change in the distance between the two parties. The observed phenomenon is 
regarded as a result caused by the formation of oscillating image dipoles in 
graphene film. Theoretical analysis based on a dipole approximation has been 
carried out and agrees well with the experimental results. After that, thicker 
spacer layers are utilized in the experiment. By increasing the spacer layer from 0 
to 15 nm a blue-shift is observed. Based on the results obtained, the coupling 
strength is examined using the plasmon ruler equation. Further increment of the 
spacer layer thickness induces a red-shift of the resonance, and the resonance 
wavelength finally saturates, when the thickness of the spacer layer is more than 
20 nm. 
 In addition, the electromagnetic enhancement characteristics for surface 
enhanced Raman spectroscopy (SERS) of graphene have been studied. Various 
excitation lasers with different wavelengths have been used to study the 
relationship between the laser wavelength and SERS. The thickness of the spacer 
layer between graphene and nanoparticles is varied to study the relationship 
between the enhancement factor and electromagnetic coupling strength. Both 
theoretical and experimental results show that the enhancement factor is 
modulated because of electromagnetic coupling between graphene and 
nanoparticles.  
 VI 
Finally a novel structure with graphene nanomesh and metal nanoparticles 
is proposed. The quality of graphene is monitored carefully before and after the 
patterning process by Raman spectroscopy. The measurement results show that, 
gold nanoparticles in the hole of graphene nanomesh structure enhance the light 
absorption of graphene nanomesh. This makes the structure a promising candidate 
to construct photodetectors with high on/off ratio, efficiency and wavelength 
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Graphene is a monolayer of carbon atoms with a honeycomb lattice 
arrangement. It can be regarded as a building block of carbon materials into all 
other dimensionalities, and it is the first one atom thick two-dimensional crystal 
investigated by human being. The theoretical study of graphene has been carried 
out for around sixty years,1, 2 it was regarded as a material which cannot exist in a 
natural form. This is mainly due to a common understanding that two-dimensional 
systems are thermodynamically unstable at finite temperatures,3 The epitaxial 
growths of quasi two-dimensional films requires a supporting substrate to stabilize 
the film which typically introduces significant modifications to the electrical 
characteristics of the target film.4 The first experimental proof of the existence of 
graphene was made very recently in 2004 by Geim and co-workers.5 The employed 
method is named mechanical exfoliation, where bulk graphite is repetitively pealed 
with adhesive tapes until the thinnest flakes are found and transferred to a specially 
designed substrate. The single atomic carbon layer is attached to the substrate 
mainly through the Van Der Waals force which reduces the effects induced by 
substrate up to a certain extent allowing researchers to investigate the intrinsic 
properties of graphene.6 Since then, the characteristic of graphene has been 
investigated intensively. It was found that graphene can have a charge mobility up 
to 200,000 cm2V-1s-1, a thermal conductivity as high as 5300 W/mK at room 
temperature, an opacity as low as 2.3% and a Young’s modulus of 1 terapascals.7-12 
The unique properties of graphene make it one of the most intensively studied 
materials around the world.  
 Until now, mechanical exfoliated graphene provides the best purity, 
mobility, and optoelectronic properties compared to graphene made by other 
methods. As the method to produce high quality graphene is so simple and cheap, 
the progress of graphene research has advanced so quickly. Despite the superior 
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properties of mechanical exfoliated graphene, there are some major draw backs. For 
example, the process is random, thus the location and number of layers cannot be 
premeditated. In addition, it can normally produce small size graphene in the order 
of a few tens of micrometers.5 Therefore, mechanical exfoliated graphene is widely 
used in laboratory for scientific research, but it is not suitable for mass production. 
The rise of the interest in graphene motivates researchers around the world to 
investigate more desirable methods for mass production of graphene possible.  
 
I. Mass production of graphene  
 
Due to continuous efforts by researchers around the world, many new 
synthesizing methods have been recently developed. These new methods aim to 
synthesize large-area, high quality graphene films with controllable numbers of 
layer. Among them, growing graphene on metal thin films with chemical vapor 
deposition (CVD) process is one of the most promising methods. CVD growth has 
been tried on various kinds of metals, such as Ru, Ir, Ni and Cu.13-16 Here, CVD 
graphene grown on top of Ni is used as an example to illustrate the synthesize 
process. The process starts with the deposition of a thin layer of metal films on top 
of a substrate, or using a thin metal foil as the initial substrate. The substrate is 
subsequently heated to 1000 degree Celsius with carefully controlled temperature 
gradient in the Ar/H2 environment, followed by introducing methane into the 
annealing chamber with a proper flow rate of 10 to 20 min. After carburization, the 
substrate is taken out from the annealing chamber and cooled down to room 
temperature at a fast rate (10 to 20 ˚Cs-1).15, 17 The non-equilibrium surface 
segregation process causes the carbon solubility in Ni to decrease during the fast 
cooling process, and the segregation of carbon atoms on top of the Ni substrate to 
form graphene films. Transferring of graphene films to a substrate can be done by 
chemical etching of Ni to obtain freestanding films in solution, followed by 
collecting it with an arbitrary substrate,15 or by using transfer-printing method with 
PMMA acting as a stamp to allow the adhesion of graphene thin films on it, 
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followed by transferring to the target substrate. The size of the graphene thin films 
can reach the centimeter range with a sheet resistance as low as 350 Ω/□.11 
 
Figure 1. (a) Schematic of the steps of roll-to-roll transfer of graphene from copper 
foil to targeted substrate. (b) Picture of transferring graphene films from a thermal 
release tape to a polymer film. (c) A transparent graphene film on a 35-inch 
polymer sheet.18 
 
 Bae et al. made a big progress in synthesizing large scale graphene using 
CVD method inside a quartz tube. They have successfully made 30-inch graphene 
films using a roll-to-roll method on top of a roll of flexible copper film. A special 
heat treatment is introduced to the foil before the growing process to increase the 
grain size of copper in order to have a large grain size in graphene. After growth, 
the copper foil with graphene on top is inserted in-between two rollers together with 
a thermal release tape. The following copper etching process  leaves graphene on 
the flexible thermal release tape, on which graphene is ready to be transferred to a 
target substrate by applying mild heat treatment. The transferring process is shown 
in Figure 1. The graphene films produced show a high electrical and optical quality. 
By introducing chemical doping to the films, the sheet resistance can be reduced to 
30 Ω/□ with transparency as high as 90%. This makes the large-scale transparent 





In addition to the CVD method, there are some other methods which are 
capable of growing large scale graphene films. Among them, graphene grown on 
silicon carbide (SiC) substrates can be considered as the most appropriate candidate 
for electronics applications because graphene can be prepared on an insulating SiC 
substrate, which is required for electronic devices. SiC automatically provides 
graphene film with an insulating substrate. The synthesis process consists of 
heating up the SiC substrate in ultrahigh vacuum under a high temperature 
(typically ~ 1400 °C). As desorption of Si happens on the surface, graphene thin 
films is formed. The number of graphene layers can be controlled by the duration of 
heating process.19  
Liquid-phase exfoliation is another high yield production method of 
graphene. Unlike the above mentioned two methods, large-scale exfoliation is 
carried out instead of large-scale growth. Graphite is exfoliated in specific solvents 
to produce defect-free mono and multiple layer graphene.20, 21 The prerequisite of 
the solvent is to match its surface energy to that of graphene. It is experimentally 
shown that both aqueous and non-aqueous solvents can be utilized.20, 21 The process 
starts with chemical wet dispersion and continues with ultrasonication in the 
solvent. A high yield of single layer graphene can be achieved by sonication in 
water with sodium deoxycholate, and subsequently sedimentation-based 
ultracentrifugation. Isolation of graphene flakes with controlled thickness can be 
achieved, when bile salt sodium cholate is utilized together with density gradient 
ultracentrifugation.22 Thin graphene conductive films can be synthesized by 
vacuum filtering.21  
Chemically derived graphene from graphite oxide is another process with 
low-cost and massive scalability. The process starts with the oxidization of graphite 
films following Hummers method to create graphite oxide which is water 
dispersible. With an addition of mechanical energy, the hydrophilicity of graphite 
oxide leads to water intercalation between the graphite oxide sheets and separate 
into individual atomic thin films. By thermal annealing or treatment with chemical 
reducing agents to deoxidize the graphene oxide films, graphene can be produced.23, 
24 Furthermore, well controlled graphene nanoribbons can be made by surface-
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assisted coupling of molecular monomer precursors.25 Different precursors (e.g. 
10.10’-dibromo-9,9’-bianthryl precursor monomers) are utilized to vary the 
topology of the nanoribbons, thus subsequently the shape of the ribbons.  The single 
crystalline Au or Ag surface is used as a substrate for the growth of graphene 
nanoribbons. The precursor monometers are deposited on the substrate surface by 
thermal sublimation. By maintaining the substrate at a specific temperature, 
dehalogenation and radical addition are induced. The subsequent thermal activation 
steps form the linear polymer chains. In the second thermal activation, surface-
assisted cyclodehydrogenation creates graphene nanoribbons or ribbons with 
complex shapes depending on the precursors and the temperature applied in the 
process.25 
The quality of the film, type of defects, substrate, and so forth are strongly 
affected by the production method. Thus, the properties of graphene vary for 
different methods.26 Various applications are illustrated in Figure 2 depending on 
the quality and cost due to the different fabrication methods.27 As shown, graphene 
is already demonstrating its potential in various fields thanks to the great efforts by 
researchers and engineers. The next two sub-chapters will discuss the applications 
of graphene in electronic and photonic fields. 
 
Figure 2. The relationship between cost and quality of the graphene, together with 
information for application of graphene made by different methods.27 
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II.      Graphene electronics 
 
While new synthetic routes to high-quality graphene have been developed, 
novel device structures utilizing extraordinary properties of graphene are proposed 
in various schemes. Taking advantage of its high carrier mobility, graphene high-
frequency transistors have been intensively studied recently,28 with a prediction that 
in less than ten years the requirements for the future electronics will increase the 
necessary cut-off frequency to 850 GHz and oscillation frequency to 1.2 THz.26 The 
requirement is too high to be fulfilled by even III-V materials, and this is the place 
where graphene come into the picture as a promising replacement.26  
 
         
Figure 3. (a) Schematic of the top-gated graphene transistor. (b) Cross-section 
TEM image of a graphene transistor with gate length of 40 nm.29 
 
The first report of graphene transistors working at Gigahertz frequencies was 
by IBM in 2009.30 A top-gated transistor with the graphene channel was fabricated 
using micromechanically exfoliated graphene. The cutoff frequency can reach 26 
GHz with a gate length of 150 nm.30 Soon after that, the same research group from 
IBM demonstrated a top-gated graphene transistor made of CVD graphene on a 
diamond-like carbon substrate with a cutoff frequency up to 155 GHz and the gate 
length of 40 nm. Besides the fast operation speed, another fascinating characteristic 
of the device is the little temperature dependence of the device performance  down 
to 4.3 K.29 Figure 3 shows the schematic and TEM image of the device. The device 
demonstrates the potential of graphene in high frequency transistors, but the cut-off 
(b) (a) 
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frequency is still far below the required value. One of the main reasons that limit 
the cut-off frequency is the degradation of the quality of pristine graphene lattice, 
which happens during the graphene-dielectric integration process.31, 32 In addition, 
the misalignment of source, drain and gate electrodes in graphene device is another 
reason that limits the performance of graphene high-frequency devices.33 But a 
high-speed graphene transistors designed by Lei et al. overcomes these two 
limitations by using a self-aligned nanowire as a top gate. The cut-off frequency 
can reach as high as 300 GHz,33 where Co2Si-Al2O3 nanowire is utilized as the top 
gate. Firstly, Co2Si nanowires with diameters of ~ 300 nm is synthesized through 
chemical vapor deposition.34 Then the Al2O3 shell of the nanowire is coated by 
atomic layer deposition. Mechanically exfoliated graphene flakes are used in the 
device.  The nanowire is transferred on top of graphene flakes through physical dry 
transfer process.35 The electrodes are defined by electron-beam lithography. The 
self-alignment is achieved by deposition of a 10 nm platinum layer cover the whole 
surface of the device and the nanowire functions as a mask which separates the 
platinum film into source and drain region. The channel length is decided by the 
diameter of the nanowire. Figure 4 shows the schematic and the scanning electron 
microscopy (SEM) image of the transistor.33 The cut-off frequency can be further 
increased up to 1THz with a shortened channel of 100 nm.36   
 
Figure 4.  Left: Schematic of graphene transistor with self-aligned nanowire 
top gate. Right: SEM image of the nanowire top gate transistor. Scale bar is 1 µm. 
Inset is an optical microscope image of the device. Scale bar is 50 µm.33 
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Although graphene transistors have had a breakthrough progress recently, it 
still faces other challenges. One of the major challenges is a low on-off switching 
ratio. This is not a key concern for individual high-frequency transistor and analog 
electronics, but it is an important parameter for a graphene based integrated 
circuits.37-39 The main reason of a low on-off ratio is the lack of a bandgap in 
graphene. Various approaches have been tried to open a bandgap in graphene, for 
example, the creation of nanoribbon, chemically modification of graphene, and 
bilayer control.25, 40, 41 However, the highest on-off ratio achieved so far is ~ 103 and 
the process introduces defects to graphene.38, 42 Recently a novel graphene field-
effect tunneling transistor has solved this problem by using graphene boron nitride 
or molybdenum disulfide heterostructures, in which atomically thin boron nitride or 
molybdenum disulfide functions as a vertical transport barrier. A switching ratio of 
up to 10,000 is achieved.26 With the great efforts put in by researchers and 
engineers around the world, it  is envisioned that the future electronic circuits could 
be totally graphene based, with graphene field-effect transistors and conductive 
graphene interconnects.43   
In addition to the channel material for fast transistors, graphene is suggested 
as a transparent conducting material replacing indium tin oxide (ITO) in touch 
screen or flexible electronics.44 Nowadays, electronic products with a large display 
or touch screen panel have become very popular, for example iPhone, Amazon 
Kindle, and Samsung LCD. The persistent increase of these kinds of electronic 
devices is expected to continue for the foreseeable future.45 To develop a display or 
touch panel, one of the essential parts is the transparent and conductive electrode. 
Presently, ITO is the main material used for transparent and conductive electrodes. 
Due to its scarcity of supply, it is necessary to search for a suitable substitute. 
Graphene fulfills the entire requirements as a promising candidate to replace ITO as 
a conductive and flexible electrode. First, the sheet resistance of graphene can reach 
as small as 30 ohm per square, when it is highly doped. Secondly, the transmittance 
of a single graphene layer is approximately 97.7% from ultraviolet to near infrared 
range.12 Thirdly, the endurance and fracture strain of graphene far exceeds any 
other candidate in this field.8, 46  
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A fully functional touch-screen panel device which uses graphene as the 
conductive transparent electrodes has already been developed with a better strain 
resistance compared with an ITO based device as shown in Figure 5.18 Another 
major application of transparent conductive materials is thin film solar cells.45 
Graphene has been already used as transparent electrodes to construct organic and 
dye-sensitized solar cells.47, 48 Recently, Li et al. showed that graphene can also 
serve as an active layer to form a Schottky junction with n-doped silicon.49 The 
potential of graphene is explored extensively in the optoelectronic field and it is 
foreseeable that considering the graphene-related research growing at a fast pace in 
various areas, more graphene based electronic devices will emerge in the future.   
 
Figure 5.  Graphene based touch-screen panel.18 
 
III.      Graphene photonics 
 
As has been discussed in the previous section, graphene has been 
intensively studied in the field of electronics due to its extraordinary electronic 
properties. In addition, it is considered as a very promising material for novel 
photonic devices because of its unique optical characteristics and graphene has been 
already utilized in many photonics devices.50, 51 Despite graphene is only a single 
atomic layer material, it can absorb ~ 2.3% of incident light which is wavelength-
independent from the visible to infrared range.12, 52  
The strength of interband transition of graphene is among the largest of all 
materials.53 The interband optical absorption can reach saturation with a lower 
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saturation threshold compared with materials normally used as a saturable 
absorber,54 which can work over visible to infrared region. Graphene thin films 
have been utilized as a saturable absorber in a mode-lock fiber laser. It is capable of 
generating ultrashort soliton pulses of 756 fs.54  
One of the essential building blocks for on-chip optical interconnects is an 
optical modulator.55 Some of the important qualities for an desirable optical 
modulator are a large operation bandwidth, high modulation speed, and small 
footprint.55, 56 However, semiconductor optical modulators are facing many 
challenges to fulfill the requirements.57-59 In contrast, graphene is considered as a 
promising material to develop a modulator with various advantages.60 First of all, 
the wavelength-independent optical absorption which covers all 
telecommunications bandwidths as well as the infrared range enables the broadband 
operation of the device.12, 50 Secondly, the high carrier mobility facilitates a high-
speed operation. Thirdly, graphene is compatible with CMOS integration processes 
at wafer scales.15 The drawback of graphene optical modulators is the limited 
absorption of single layer graphene. However, a graphene based optical modulator 
overcomes this problem by integrating graphene with an optical waveguide.60 The 
device works under ambient conditions, and the modulation is achieved by tuning 
the Fermi level of graphene electrically. The operation speed is up to 1.2 GHz and 
covers a broad operation spectrum range from 1.35 to 1.6 µm. The size of the 
device is only 25 µm2.60 A schematic and an optical microscope image of the 
device are shown in Figure 6. The graphene film is synthesized through a CVD 
method and transferred onto a Si wave-guide. A thin Al2O3 layer acts as a spacer 
layer between the waveguide and the graphene film. The Si wave-guide is specially 
designed, such that the electric field near graphene is maximized.60 With some 
modification of the structure, it is suggested that a bandwidth of up to 50 GHz can 
be achieved by a graphene modulator.42 
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Figure 6.  Left: Schematic illustration of the device. Right: Optical image of the 
modulator.60 
 
Another promising graphene photonics device is a graphene photodetector. 
The wavelength-independent absorption of incident light of graphene at least from 
300 nm to 6 µm facilitates to fabricate a photodetector with wide operational 
wavelengths.52 The high carrier mobility of graphene allows ultrafast graphene 
photodetectors.61 A graphene photodetector with a photo-response of up to 40 GHz 
has been reported.61 This photodetector can operate with no source-drain bias, and 
zero dark current. Different from normal semiconductor photodetectors, the device 
has a planar structure with graphene as the light absorption material. A SEM image 
of the device is shown in Figure 7. The electron-hole pairs generated by incident 
light are separated by built-in internal fields instead of an external applied bias. The 
build-in field is caused by the charge transfer between graphene and the metal 
electrodes, which results in a band bending in the graphene channel near the 
interface of graphene and electrodes.62 Thus, the gate bias and the location of the 
incident light beam on the graphene channel are important parameters which 
determine the magnitude of the photocurrent. The strongest photocurrent will be 
generated, when light is incident near the interfaces.62 Despite all the superior 
quality of this novel device, there is one major drawback. The highest external 
photoresponsivity is only ~ 0.5 mAW-1.  
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Figure 7.  SEM image of the graphene photodetector; inset, optical image of the 
photodetector. The scale bar in the main panel is 2 µm, in the inset is 80 µm.61 
 
The low photoresponsivity is mainly due to the build-in electric field only 
existing in the region near to the electrode-graphene interface, and majority of the 
graphene channel is not contributing for photocurrent generation. Another reason is 
the limited absorption of thin graphene film. To overcome the first obstacle, a 
device with multiple, interdigitated metal fingers is developed.52 The schematic of 
the structure is shown in Figure 8. In order to break the symmetry of the built-in 
electric field profile in the graphene channel, adjacent metal fingers are made of 
two different metals. In this way the most of photocurrent generating along the 
graphene channel will not be canceled out and will be extracted. The highest 
external photoresponsivity achieved by this device is 6.1 mAW-1 and it functions 
well when used in a 10 Gbits-1 optical data link. Compared with the first structure as 
shown in Figure 7 the bandwidth of this device is not broad. The limitation of the 
bandwidth is determined by the RC time constant of the device.52 In the multiple 
finger structure, the graphene has a larger area compared to the first device leading 
to an increased capacitance value.  
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Figure 8.  Schematic of the photodetector with multiple metal fingers. Inset: 
SEM of the device. Scale bar is 5 µm.52    
 
In order to increase the absorption of light by the graphene film, a 
waveguide can be integrated to the graphene film by increasing the interaction 
length of light with graphene.42 Another method is to use localized surface 
plasmonics to increase the local electric field.63 The optical characteristic of 
Graphene and metal nanoparticles together as a system is another interesting 
research topic to study.64, 65 And it has been shown that with plasmonics 
nanostructures the efficiency of graphene photodetectors is increased by 20 times.63 
The SEM image of the device is shown in Figure 9. Since, the build-in potential is 
the highest at the interface between the electrode and graphene channel. The metal 
nanoparticles are patterned by electron beam lithography near the contact edge to 
facilitate the largest enhancement. Lasers with different wavelengths are utilized to 
test the enhancement of photovoltage over the visible spectrum range, and 
enhancement is observed for all wavelengths. However, the maximum 
enhancement is achieved at a wavelength close to the resonance wavelength of the 
localized surface plasmon excited on the metal nanoparticles. By changing the 
dimensions of the nanoparticles, the resonance can be adjusted to any wavelength in 
the visible range,63 in order to achieve wavelength selectivity in graphene 
photodetors.66 In addition, with localized surface plasmon excited in metallic 
nanostructures on top of graphene thin film, surface-enhanced Raman scattering 
enables a significant increase of Raman intensity from graphene.67, 68 More details 
of the wavelength selectivity and the surface-enhanced Raman spectroscopy will be 
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discussed in this thesis. Moreover, it is obvious that localized surface plasmon plays 
an important role in many graphene research areas. A general introduction of 
localized surface plasmon will be given in the next part of this chapter. 
 
      
Figure 9.    Left: SEM image of contacts with plasmonic nanostructures (in false 
colors). Right: Enlarged image of nanoparticles. Scale bar is 1 µm. 63 
 
 
1.2 Localized surface plasmon resonance 
 
LSPR is regarded as charge density oscillations confined to metallic 
nanostructures induced by incident light with a resonance wavelength. The 
schematic diagram in Figure 10  gives an illustration of LSPR in spherical metal 
nanoparticles.69 By exciting LSPR by light, the local electromagnetic fields of the 
nanostructures will be largely enhanced, together with strong light scatterings and 
intense absorption bands. Long before the term, localized surface plasmon was 
invented, people already used metal nanoparticles to beautify glass with different 
colors. The Lycurgus cup was created by the Romans in 400 A.D. Because of the 
excitation of LSPR in the metal nanoparticles which is embedded inside the glass, 
the cup reveals different colors depends on whether light is passing through it or 
shining behind it. 
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Figure 10. Schematic illustrates the plasmon oscillation for sphere 
nanoparticles.70 
 
 The scientific research of LSPR started as early as 1800s, when Faraday 
started the investigations of colloidal gold.71 The first rationalization of LSPR was 
done by Gustav Mie in 1908 and it still remains popular at present.72 The Mie 
theory is considered as a relatively simple solution to Maxwell’s equations 
relevant to particles. In the calculations there are some assumptions: firstly, the 
particle and the environment are described by bulk optical dielectric functions, 
and secondly, both of the parties are homogeneous.69, 73 For the case that the size 
of nanoparticle is not significantly smaller than the wavelength of incident light, 
higher-order multipole modes need to be considered, and the full Mie equation 
should be used. However, when the size of the nanoparticles is much smaller than 
the wavelength of exciting light, only dipole absorption is considered, and the Mie 
theory gives a simplified formula for the extinction cross-section as below:73 
 
in which σext is the extinction cross section, V is the volume of the spherical 
particle, c is the speed of light, ω is the angular frequency of the incident light, єm 
is the dielectric constant of the surrounding medium, and є1(ω) and є2(ω) are the 
real and imaginary part of the dielectric function of the nanoparticles. The height 
and bandwidth of the absorption peak can be well estimated by є2(ω).73 The 
formula shows that if є2(ω) is small or not wavelength dependent, the excitation 
of LSPR happens when є1(ω) ≈ -2єm. Thus the frequency when LSPR is excited 
(or the resonance frequency) is a function of the dielectric function of the 
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nanoparticles and the environment. Although the formula is independent of the 
nanoparticle’s size, the lack of size dependence of the formula can be 
accommodated by assuming the dielectric function of the nanostructures is size 
dependent.74, 75 Indeed both experimental and theoretical results proved that the 
resonance frequency is very sensitive to change of the refractive index of the 
metal, the surrounding environment, and the size and the shape of the 
nanoparticles.  A group of researchers have studied the effect introduced by the 
change of the refractive index of the surrounding media. Silver nanoparticles with 
the same size and shape are made and the extinction spectrum is measured to 
study the change of the LSPR in different solvents.76  The used solvents are 
pyridine, cyclohexane, methylene chloride, acetone and nitrogen, with a refractive 
index of 1.51, 1.43, 1.42, 1.36, and 1 respectively. It is observed that as the 
refractive index of solvent decreases, the resonance wavelength progresses 
towards a shorter wavelength as shown in Figure 11. The relationship between the 
refractive index of the surrounding media and the resonance wavelength is 
linear.76 
 
Figure 11. Extinction spectra of silver nanoparticles in various solvents.76 
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The tuning of LSPR wavelength through adjusting the size of 
nanoparticles has been studied by different groups both theoretically and 
experimentally. One of the theoretical studies was carried out based on the 
entrenched Mie theory together with a discrete dipole approximation method.77 It 
is found that the relationship between the resonance wavelength and the size of 
the nanoparticles is linear. The resonance wavelength shifts to a longer range, 




Figure 12.Top left: theoretical calculation of the variation of surface 
plasmon resonance wavelength with the size of gold nanoparticles.77 Top right: 
TEM image of silver nanoparticles with various diameters. The length of the scale 
bar is 50 nm. Bottom: the absorption cross section vs. the wavelength for silver 
nanoparticles with different sizes. To have a clear display of the spectra, each 
spectrum was multiplied by an arbitrary factor listed in the parentheses.78   
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Researches about the effect of the shape have been also carried out. As it 
is difficult to separately study the effect of size and shape of nanoparticles 
experimentally, some researchers introduced the concept of aspect ratio.76 The 
nanoparticles are created by using a single layer of nanospheres as the mask for 
silver deposition. A schematic of the nanosphere mask and an AFM image of the 
deposited silver nanoparticles are shown in Figure 13. By varying the size of the 
nanosphere and the deposited thickness, the aspect ratio can be adjusted. In 
addition, annealing in vacuum at 300 degree results in an increase of the height of 
the particle and makes it more elliptical. The extinction spectrum of silver 
nanoparticles with different aspect ratios is measured and shown in Figure 14.76 
Nanospheres with different diameters are used as the mask to create silver 
nanoparticles with various lateral dimensions. The aspect ratio is given by a/b. 
For samples with same a value, they are created using nanospheres with same 
diameter, and b represents the height of nanoparticles which can be changed by 
varying the thickness of the silver deposited. Oblate nanoparticles have a large 
aspect ratio, and spherical nanoparticles have an aspect ratio as one.76 In order to 
find out the relationship between the resonance wavelength and aspect ratio, a 
comparison needs to be made for different cases. For samples F, G and H a is the 
same, the only variable is the value of b. It can be seen that as b decreases or the 
aspect ratio increases, the resonance wavelength shifts to the longer range. For the 
samples of D, E and H b is approximately the same, but a is changed. The same 
result for the relationship between aspect ratio and it is found that the wavelength 
becomes longer when the aspect ratio increases. Lastly, samples F and C are the 
results for the same sample after and before went through annealing process, a 
blue-shift is induced to the resonance wavelength by the annealing process. And 
all the result agrees well on the relationship between aspect ratio and resonance 
wavelength.76   
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Figure 13. (A) The schematic of the nanospheres used as mask for silver 
deposition.(B) AFM image of nanoparticles on the substrate after removing of 
nanosphere mask.76 
 
Figure 14. The normalized extinction spectra of silver nanoparticles with 
different aspect ratio.76 
 
Because the many effects introduced by LSPR only happen near the 
resonance wavelength including the enhanced electromagnetic field of the 
nanoparticles and the intense absorption bands, managing the position of the 
resonance wavelength of LSPR in the spectrum is vital for achieving advances in 
many applications for example, sensing, imaging, solar energy, and medicine,77, 
79-82 which is also valid for all applications where LSPR is employed to aid the 





1.3 Objectives and scope of this thesis 
 
As has been mentioned before, LSPR excited in metal nanoparticles has 
been already used to support the operation of a variety of graphene applications,63, 
66, 67 in which metal nanoparticles are deposited on top or in the vicinity of 
graphene. For example, the selectivity of graphene photodetector is achieved 
through varying the size of gold nanoparticles deposited on top of the graphene 
film.63 However, the effects of the presence of graphene to LSPR have not been 
studied before. It is very likely that graphene will influence the characteristics of 
LSPR, since the graphene film is a very conductive layer and the electromagnetic 
field surrounding nanoparticles is strong. Thus, to inclusively study the optical 
characteristics of the graphene and metal nanoparticle system, the interaction 
between graphene and LSPR through the coupling of electromagnetic field should 
be considered. It is important to evaluate the interaction of the system in order to 
gauge the performance of the applications. In addition, it may provide another 
method to control the optical characteristics of the system, if the coupling strength 
between the two parties can be adjusted systematically. Therefore, in this thesis 
the research of the electromagnetic coupling between graphene and LSPR is 
carried out. The experimental results and discussion are included in the following 
chapters. 
The experimental procedures are discussed first to facilitate a better 
understanding of the research to be carried out. To begin with an experiment of 
graphene, it is essential to verify the number of layer of the graphene film. 
Multiple techniques are used to identify the number of layer, followed by the 
investigation of the quality of the film. A thin layer of insulator is inserted 
between graphene and the metal nanoparticles. Metal nanoparticles are created by 
depositing a very thin layer of metal film. The size of the nanoparticles is 
examined through analyzing the SEM images taken. When the nanoparticle array 
or patterned graphene film with a well-defined shape and period is needed, 
electron beam lithography is utilized. The optical characteristics of the system are 
investigated to facilitate the study of the effect introduced to the enhancement of 
 21 
the graphene Raman signal from graphene. The details of the above mentioned 
processes are included in chapter 2.    
In order to control the coupling strength between graphene and LSPR, the 
distance between them is varied by adjusting the thickness of the insulator layer 
inserted in-between. The examination starts with very thin spacer layers and the 
results show that the surface plasmon resonance wavelength can be tuned by 
varying the thickness of the spacer layer. By increasing the thickness of the spacer 
layer, the resonance wavelength is shifted to a smaller value. The tunability that 
can be achieved is better than when a thin conductive metal film is used in the 
place of graphene. The research has carried out further to study the shifting of the 
surface plasmon resonance wavelength, when the thickness of the spacer layer 
increases more. The results demonstrate a blue-shift of 29 nm first and a further 
increment induces a red-shift of 17 nm in the resonance wavelength. The shift 
finally saturates, when the thickness of the spacer layer increases more than 20 nm. 
The shift is due to the change of the electromagnetic field coupling strength 
between the localized surface plasmon excited in the metal nanoparticles and the 
graphene film. Theoretical calculations based on dipole approximation are carried 
out, and the results agree well with the experimental data. The electromagnetic 
coupling strength is also examined by the plasmon ruler equation. The details can 
be found in chapters 3 and 4 of this thesis. Since the electromagnetic coupling 
between graphene and metal nanoparticles changes the optical characteristics of 
LSPR, it will introduce modulations to the optical systems in which these two 
parties are used. The electromagnetic enhancement characteristics for SERS of 
graphene have been also studied. Different excitation lasers are utilized to study 
the relationship between the laser wavelength and SERS. Both experimental 
results and theoretical calculation show that the extinction spectrum of metal 
nanoparticles is modulated by the presence of graphene. The experimental results 
of the relationship between the wavelength of the excitation lasers and the 
enhancement factor fit well with the calculated results. An exponential 
relationship is observed between the enhancement factor and the thickness of the 
spacer. The details can be found in chapter 5 of this thesis. In addition, the optical 
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characteristics of patterned graphene nanomesh with metal nanoparticles have 
also been studied. Finally electron beam lithography is chosen to pattern graphene 
nanomeshes with various sizes and periods. The reflection spectrum shows that 
the absorption is enhanced with nanoparticles filling the holes of the patterned 
nanomesh structure. The details are in chapter 6. In chapter 7, the thesis is 


























To start experiment with graphene, the first step is making good quality 
graphene films or flakes. For the experiments in this thesis, both CVD and SiC 
graphene are utilized. CVD graphene is used to study the shifting of LSPR induced 
by electromagnetic coupling between graphene and gold nanoparticles. A 1 cm × 1 
cm single layer CVD graphene film is grown on a copper film and transferred to a 
transparent borosilicate glass substrate. A transparent substrate is used to enable the 
transmission measurement. Borosilicate glass (BOROFLOAT 33 glass) is chosen 
because of its good transmission over a wide light spectrum and ability to withstand 
high temperature treatment. The SiC graphene samples are epitaxial graphene thin 
films grown on a Si-terminated 6H-SiC (0001) surface. Descriptions for the 
synthesis processes can be found in the first chapter.  
It is also essential to verify the quality of graphene films and the number of 
layers before any further experimental process. Different methods can be utilized 
for the verification process. Atomic force microscopy (AFM), transmission electron 
microscopy (TEM), scanning tunneling microscopy (STM) and Raman 
spectroscopy are some of the methods that can be used to check the morphology, 
number of layers and quality of graphene. For the graphene films used in the 
experiments here, both scanning tunneling microscopy and Raman spectroscopy are 
used to find the layer number and verify the quality of graphene films. Both 
electron beam and thermal evaporators are used to deposit a thin insulator film and 
metal nanoparticles. For patterning of graphene film and metal nanoparticles, 
different methods are tested, such as interference lithography, nanoimprinting, and 
electron beam lithography. Among those, electron beam lithography is selected 
because it is capable of varying the size and period of the nanomesh structure as 
demanded. LSPR is characterized by a UV-visible spectrophotometer. For samples 
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with very small sizes normally in µm range, a microspectrometer is used for the 
evaluation. Description of all the techniques mentioned above will be discussed in 
this chapter and more detailed description of the techniques being utilized in the 
experiments discussed in this thesis will be included.   
 
2.2 Graphene thickness and quality verification 
 
Graphene is a fascinating material with a combination of interesting 
properties.43 Not only single layer graphene but also multi-layer graphene has been 
studied. Recent theoretical and experimental results showed that although multi-
layer graphene shared some physical properties with single layer graphene they also 
demonstrate unique physical properties of themselves.83 For example, because of 
the lack of a bandgap in single layer graphene, it is not possible to completely 
switch off a single layer graphene transistor.84 However experiments with bilayer 
graphene show that a tunable bandgap can be developed and controlled with an 
applied gate bias.85 For the case of trilayer graphene, it is regarded as a semimetal 
whose band overlay between the conduction and valence bands can be adjusted 
with gate bias.86 Thus, to facilitate a precise scientific experiment of graphene, it is 
always necessary to verify the thickness or number of layers of graphene. For 
exfoliated graphene flakes transferred to a Si wafer, the Si substrate is capped with 
a SiO2 layer with a specific thickness normally ~300 nm. This is to facilitate a large 
contrast ratio between graphene and the substrate so that even single layer graphene 
is visible under an optical microscope.5 For different thicknesses of graphene the 
contrast spectrum is different. Figure 15(a) shows optical microscopy images of 
exfoliated graphene flakes with different number of layers which are published in 
literature.87 Figure 15(b) shows graphene flakes made in house by the author with a 
single layer flake surrounded by multilayer graphene flakes, from which the 
contrast difference between them is clearly demonstrated. This provides a simple 
and efficient way to obtain a rough estimation of the thickness of graphene flakes. It 
is also possible to identify the number of layers using contrast imaging. In Figure 
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15, the contrast images were taken by scanning white light illumination across the 
graphene sample.87 Another technique, such as AFM, STM or Raman spectroscopy 
can be used together with the optical contrast method to determine the layer number 
of graphene flakes. Note that the contrast method is only applicable for exfoliated 
flakes on the special designed Si/SiO2 substrates. For other types of graphene such 
as, CVD graphene and SiC graphene which are supported by other substrates, the 
contrast method is not effective.  
 
 
Figure 15. (a) Optical image of graphene flakes with different thickness. A to f are 
flakes with thickness more than 10 layers and thickness increases from sample a to 








Figure 16.(a) contrast image of graphene flakes with different numbers of layers. 
(b,c) The contrast value of the graphene flake following the dash line. 87 
 
Among various techniques that can be used to measure the number of layers 
of gaphene, AFM in a tapping mode is the first one that has been utilized. The 
estimated average thickness of single layer graphene is 0.35 nm which is consistent 
with the interlayer spacing of bulk graphite.5 However, the measurement results of 
graphene thickness vary from 0.35 to 1 nm.88-90 The variation may be attributed to 
the presence of adsorbed oxygen or change in the interaction between the tip and 
sample for different set-up and environment.88, 91 In scanning probe techniques 
some measurement error is often involved. Therefore, based on the experience of 
the author it is more reliable to confirm the results by another technique.  
Besides AFM, STM is another scanning probe technique that can be used to 
verify the thickness of graphene and it is utilized in the experiments carried out with 
SiC graphene as discussed in this thesis. The atomic resolution of STM makes it 
appropriate for the identification of the number of graphene layer.92, 93 The tip of 
STM is atomically sharp and can be brought very close to the sample surface. 
Typically the distance is only a few nanometer between the tip and sample.94 A bias 
voltage will be applied across the sample and the tip. Due to the small gap between 
the tip and sample, electrons can tunnel through the potential barrier of the gap with 
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the applied bias. The gap distance and the tunneling current have an exponential 
relationship, which makes STM a technique competent to measure topography with 
an atomic resolution. In addition, STM is capable to image atomic and electronic 
structures of the sample surface.94 To measure the topography of the sample, STM 
can work under two modes. One is a constant current mode in which the feedback 
loop will be used to monitor the tunneling current between the sample and tip. For 
increasing tunneling currents, the tip will be retracted, while for decreasing 
tunneling currents, it will be lower. The motion of the tip will be used to map the 
topography of the sample. The second mode is a constant height mode, in which the 
distance between the tip and sample is fixed. The change of the tunneling current 
will be used to deduce the STM image of the sample.  
In order to characterize graphene with STM, the bias voltage should be kept 
at a relevantly low value (less than 0.4 V). For high bias voltages, instead of 
graphene, the underlayer substrate will contribute to the image.94, 95 The verification 
of the number of graphene layer can be done by the examination of the atomically 
resolved STM image. It is shown that for single layer SiC graphene, the STM 
image shows hexagon protrusions, whereas for multilayer grahpene, it shows 
triangular array of protrusions,93, 95  as shown in Figure 17.96  
 
 
Figure 17. Atomically resolved STM image of single layer (left) and triple 
layer SiC graphene.96 
 
In addition, the interface induced roughness decreases exponentially with 
increasing the graphene layer thickness. Thus, the thickness of graphene can be 
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confirmed through examining the interface induced roughness.96 Figure 18 shows 
STM images taken on SiC samples with the number of graphene layer varying from 
0 to 3. Figure 18(a) shows when no graphene is grown on SiC substrate. It can be 
seen that as the thickness of graphene increases, the interface induced corrugation 
reduces and the atomic corrugation of graphene lattice becomes clearer. The plot of 
interface induced roughness against the layer thickness of graphene is in Figure 
19.96 As discussed above, STM is an effective way to determine the layer number 
of graphene. 
 




Figure 19. Plot of interface induced roughness versus number of layers of 
graphene.96 
 
Among all the techniques that can be used to analyze the thickness of 
graphene films, Raman spectroscopy is an non-destructive one which has a high 
throughput and provides accurate results.97 It has been extensively utilized in all 
the experiments of this thesis to confirm the number of layers of graphene. Raman 
spectroscopy is a spectroscopic technique used to study vibrational, rotational, 
and other low-frequency modes in a system based on inelastic scattering of 
monochromatic light.98 The Raman effect is caused by the deformations of 
molecular under electric fields, and the deformation is determined both by the 
electric field and the molecular polarizability. The incident light beam is an 
oscillating electromagnetic wave which interacts with the sample and causes the 
formation of dipole which deforms the molecules. The periodical deformation 
causes molecules to vibrate under a certain vibration mode. Thus, one part of the 
energy of incident light will be absorbed and the reemitted light will have a 
frequency shift compared to the incident light.99 The shift provides information 
about vibration, rotation and other low frequency transitions in molecules.  
Raman spectroscopy is a very useful tool to characterize the structural 
characteristics and properties of graphene. It is an non-destructive and high 
throughput method to determine the number of layers in graphene thin films.100 It 
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is also capable of monitoring the doping, defects, thermal conductivity and strain 
of graphene.101-104 The Raman spectrum of graphene has some common features. 
The G and 2D peaks should be always present for high quality graphene films; 
they are located around 1580 and 2715 cm-1 in the spectrum, respectively. For 
films with defect, a D peak at around 1350 cm-1 appears. The G peak corresponds 
to the E2g phonon at the Brillouin-zone center. The 2D peak is the second order of 
the D peak, which originates from a momentum conserved process, and thus it 
will still be present in a film without defects. For measurements under different 
conditions, for example with different laser wavelengths, the position of the peak 
will have a slight shift. With different carbon layer numbers, the G peak position 
will also shift and the 2D peak will have difference in both the shape and 
position.89 Figure 20(a) shows the Raman spectra of exfoliated graphene flakes 
with different carbon layer numbers on top of the standard Si/SiO2 substrate made 
and measured in house by the author. One of the hallmarks to distinguish single 
layer from multilayer exfoliated graphene is the line width and shape of the 2D 
peak.100 Both the position and shape of G and 2D peaks are examined carefully in 
our experiments to confirm the layer number of CVD and SiC graphene samples. 
For a single layer graphene film, the 2D peak will have a narrow line width of ~ 
30 cm-1 with a single Lorentzian profile fit.100 However, for CVD graphene 
transferred on arbitrary substrate, an electronic coupling between graphene layers 
may not be present, therefore the 2D peak may appear to be the same for single 
layer and few layer graphene films.17 Thus in our experiment, besides examining 
the Raman spectrum, we also measured the transmission spectrum of the sample 
to verify the number of layer. The experimental results showed that an additional 
layer of graphene film will introduce an increment in absorption of ~ 2.3% for 
both exfoliated and CVD graphene.12, 18 The Raman spectra for graphene 
supported by different substrates are also different. For SiC graphene, the 
substrate introduces additional peaks in the interested spectrum range. Similar to 
exfoliated and CVD graphene, single layer epitaxial graphene has some unique 
characteristics in its Raman spectroscopy data that distinguish it from that of 
multilayer graphene. The 2D peak of single layer graphene is wider which is ~ 60 
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cm-1 compared to that of exfoliated graphene. However, it is narrower than that of 
double layer graphene which is ~ 95 cm-1.105 Thus, the width of 2D peak is 
examined first in this work followed by analyzing the position of both the G and 
2D peaks, since an increment of the layer number will cause a shifting of them to 
lower frequencies.105  As mentioned before, STM is used together with Raman 
spectroscopy to verify number of layer of SiC graphene. Raman spectra of 
different thicknesses of graphene on SiC substrates are shown in Figure 20(b).105 
                       
 
Figure 20. Raman spectra of graphene with different layer numbers on Si/SiO2 
(a) and SiC (b) substrate, excited by 488 nm (a) and 532 nm (b) lasers, 
respectively.89, 105  
 
 
























2.3 Thin film and metal nanoparticle deposition 
 
There are different techniques available to deposit thin films of metal or 
insulator on top of a substrate. The techniques that are used in this thesis are 
thermal evaporation and electron beam evaporation. The deposition process needs 
to be executed with great care,  because it may cause the formation of defects in the 
graphene film.106 Based on the experience of the author, an evaporator with a larger 
distance between the sample and source is often preferred to reduce the defects in 
the graphene film. In addition, the deposition of metals with higher melting points 
will induce higher defects level in graphene.  
Thermal evaporation as stated in the name, heats up the material until it is 
vaporized and subsequently condenses to a thin metal film on the substrate surface 
placed above the source material.107 A simple schematic of the thermal evaporator 
is shown in Figure 21.107 The process is carried out in vacuum under a low pressure, 
so that the vaporized particles travel directly from the source to the substrate 
surface. Among various ways to heat up the source material, in the experiments of 
this thesis, resistance heating is utilized in which a current passes through a metal 
plate on which the source material is hold. Thermal evaporation is also used to fill 
the holes of graphene nanomesh patterned by electron beam lithography to form 
particles with a diameter of ~ 100 nm.  
 
Figure 21. Schematic illustration of a thermal evaporator107 
 
 33 
The similarity between thermal and electron beam evaporation is that they 
both heat up the source material until it vaporizes. A schematic of the electron beam 
evaporation is shown in Figure 22.107 However, in electron beam evaporation, 
electron beam are directed to bombard the source material to vaporize it. The 
electron beams are generated from an electron gun and directed to the substrate by 
applying a very high potential difference between the filament and the substrate. 
Magnetic field is used to curve the trajectory of electron beam towards the position 
of the sample substrate. In the experiments of this thesis, a thin Al film is deposited 
by electron beam evaporation. The thickness of the film was kept under 3 nm and it 
was naturally oxidized under ambient conditions to form an Al2O3 thin film. The 
thickness of the Al thin film is monitored by quartz crystals in the evaporator and 
later confirmed by an ellipsometer.  
 
Figure 22. Schematic illustration of an electron beam evaporator107 
 
In addition to the deposition of thin metal films, evaporators also play an 
important role in creating metal nanoparticles on the graphene surface. The 
formation of metal nanoparticles on top of graphene film by annealing evaporated 
thin metal films has been done by different research groups.108-110 Their results 
show that the formation of gold nanoparticles on graphene films with different layer 
numbers can even help to identify the number of layers of graphene. It is also 
shown the potential of graphene to be utilized in synthesis of clean and densely 
packed nanoparticles without aggregating, which could be valuable in various 
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applications such as optics, nanofluidics, information storage, and electronics 
applications.110 As has been mentioned before, metal nanoparticles are made in the 
vicinity of graphene film in order to study the electromagnetic coupling between 
graphene and metal nanoparticles. The formation of metal nanoparticles through the 
process of depositing metal thin film followed by annealing has been studied. 
Figure 23 shows SEM images of nanoparticles formed on single and double layer 
graphene. The author found that increasing layer number of graphene, longer 
annealing time, and thicker metal film result in a larger particle size. Metal 
nanoparticles can also be formed without the annealing process. The formation of 
nanoparticles will be possible, when the surface of sample is hydrophobic to the 
metal deposited and the thickness of the deposition is very thin.111 For the 
experiments in this thesis, the formation of gold nanoparticles is done by either 
deposition of very thin gold on top of single layer graphene only or both deposition 
and annealing processes. The size and distribution of the nanoparticles are 
examined by scanning electron microscopy. 
     
Figure 23. SEM of silver nanoparticles formed on single (a) and double (b) layer 









2.4 Patterning method 
 
Patterning of graphene films into nanostructures has been of great interest  for 
researchers. because an energy gap is expected to be formed through the quantum 
confinement effect of graphene in a two dimensional or zero dimensional 
structure.112, 113 Thus far, a variety of graphene nanostructures have been 
successfully made, such as, nanoribbons, quantum dots or nanomeshes.114-117 And 
various techniques have been utilized to pattern graphene, for example, lithographic, 
chemical and sonochemical methods.90, 113, 114, 118 Among the techniques that have 
been used, electron beam lithography is one that has been utilized very often. For 
the experiments of this thesis, graphene nanomesh has been patterned by electron 
beam lithography, as it is capable of patterning graphene nanostructure with various 
shapes, sizes and periods. Different groups have made graphene nanoribbons with 
electron beam lithography and their results show that by controlling the width of the 
nanoribbon, the bandgap can be engineered.90, 113 The relationship between the 
ribbon width and the bandgap is inversely proportional. 71,92 The electronic transport 
property of graphene nanoribbons has been prevously studied through the field 
effect transistor structure. Figure 24 shows a set of devices each with multiple 
ribbons of different widths.113 The energy bandgap of the nanoribbons are measured 
under a low temperature. The relationship between the energy bandgap and the 
width of ribbon is plotted in Figure 24. 113 
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Figure 24. Top: SEM image of graphene nanoribbon device with many parallel 
ribbons and each device with varying width. Bottom: The plot of inverse energy 
gap vs. ribbon width.113 
 
Although electron beam lithography offers an flexibility to pattern graphene, 
the process could introduce defects to graphene.106 The electron beam can knock off 
graphene atoms, inducing reaction with the substrate or depositing amorphous 
carbon atoms, to cause defects in graphene films. 106 It is found that bilayer 
graphene is more stable compared with monolayer graphene under electron beam 
radiation. The defect level is also a function of dose introduced during the electron 
lithography process. A higher dose will introduce more disorder into the film. The 
quality of graphene is examined by Raman spectroscopy in which the presents of D 
peak indicates the formation of disorder in graphene film. The intensity of D peak 
will increase proportional to the level of disorder. Figure 25 shows a comparison 
between single layer graphene and bilayer graphene after exposing to electron 
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radiation for the same dose. The relationship between dosage and the induced 
disorder is also illustrated in Figure 26.106 In the graphene nanomesh created in the 
experiments of this thesis, the PMMA/MMA double layer resist is used for the 
patterning. Arrays of periodic holes are patterned and developed, followed by 
oxygen plasma etching to remove graphene in the hole area thus creating 
nanomeshes. Since graphene in the hole area under direct radiation of electron 
beam will be removed, the disorder created by the direct electron beam radiation is 
not critical for this experiment. However, the electron beam radiation will still be 
able to cause defects to the graphene that is surrounding the hole area. Thus, the 
effective width of a graphene ribbon is narrower than the width observed under a 
microscope.119 Therefore, the calibration of the dose and the acceleration voltage 
has been carried out carefully in the experiments in order to obtain the desired 
nanomesh structure. The dimensions of the nanomesh and nanoparticles are 
examined by AFM. The results of the above mentioned processes are discussed in 
chapter 5. 
 
Figure 25. (a) (c) Optical images of single layer (bilayer) graphene before and after 
electron beam radiation. The lower (right) image shows graphene with resist after 
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development. The dosage applied is 0.004 nC µm-2(b) (d)Raman spectra of single 
layer (bilayer) graphene before and after electron beam radiation.   
 
  
Figure 26. Left: Optical image of single layer graphene after electron beam 
radiation. The area in different squares are exposed with different dosage. Right: 
The Raman spectra corresponding to the squares corresponding to the same color 
codes.106 
 
In addition to electron beam lithography, nanoimprinting lithography is 
another technique that is competent to make graphene nanostructures with a very 
small dimension. Graphene nanoribbons with a sub-20 nm width and nanomeshes 
with a sub-10 nm width were made by nanoimprinting.120, 121 The procedures of the 
nanoimprinting include five steps. First of all, a polymeric resist for imprinting is 
spin coated on a graphene film. Secondly, the template with the inverse image of 
the desired structure is used to press onto the sample with the aid of elevated 
temperature. After that, the template is removed from the structure leaving the 
desired pattern on the resist. Subsequently, etching of graphene by oxygen plasma 
is carried out to remove the unwanted graphene area. Lastly, the resist is 
removed.121 An illustration of the procedures of making graphene nanomeshes with 
nanoimprinting is shown in Figure 27. It is found that the on/off  ratio of field effect 
transistor made of a graphene nanomesh is enhanced with reducing of the average 
ribbon width in the nanomesh structure. An opening of a bandgap in nanomesh is 
confirmed experimentally. The SEM image of the mesh structure is shown in 
Figure 28.121 Nanoimprinting provides a quick turn-around time to produce 
multiple samples with the same dimensions compared to electron beam 
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lithography.120 Therefore, nanoimprinting was utilized in our work to make 
nanostructures.  As a new imprinting template needs to be made for any variation of 
the dimension of  the nanostructure, nanoimprinting  is more expensive and time 
consuming for this purpose.  
 
Figure 27. Procedures of nanoimprinting for making graphene nanomesh.121 
 
Figure 28. SEM image of graphene nanomesh made by nanoimprinting.121 
 
 In addition, laser interference lithography is an non-destructive 
nanopatterning technique especially suitable for large area periodic structures.122 It 
is a comparably simply approach in which two coherent laser beams illuminate the 
photoresist simultaneously to form standing waves and create period structures. The 
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size of the structure can be adjusted by changing the angle of incident of the laser 
beams.122 For this work nanomeshes were also made by interference lithography on 
CVD graphene. However, after the deposition of metal films and the lift-off process, 
graphene is also removed. Thus, electron beam lithography is finally chosen to 
generate nanopatterns for the experiments in this thesis.  
In summary, for this work after making of CVD and SiC graphene films, 
the quality and the layer number were examined by Raman spectroscopy and STM. 
Only graphene films with fine quality were utilized in the experiments. For the 
deposition of  thin films, electron beam and thermal evaporators are used. The 
thickness of the film is monitored by the quartz crystal in the evaporation machine 
and confirmed by an ellipsometer after the deposition process. The nanoparticles 
are made by the deposition of a very thin metal film on top of graphene. SEM 
images are taken to monitor the size and distribution of the nanoparticles. An image 
analyzing software is used to analyze the SEM image. The transmission spectra are 
taken by a UV-visible spectrometer for the lager patterned area or by a micro-
spectrophotometer for a patterned area in the µm range. Raman spectra of the 
sample are taken after every step of the process to monitor the quality of graphene, 
and the change of Raman intensity to study the effect introduced by LSPR. 
Different approaches are tested to pattern graphene, and finally electron beam 














Chapter 3: Graphene induced tunability of surface 




As has been mentioned before, graphene is considered to be a promising 
candidate to replace ITO as transparent conductive electrodes in optoelectronics 
applications. Advances in large scale graphene synthesis methods enable the 
development of a graphene based touch-screen panel.123, 124 LSPR phenomenon 
has been extensively studied recently due to the unique features and it also offers 
an interesting route to graphene based optoelectronic applications. LSPR in 
conventional systems is a result of collective electron oscillations excited by light 
in metal nanoparticles. It induces a strong confinement and enhancement of 
electric fields near the vicinity of metal nanoparticles.125 The generation of LSPR 
stimulates various effects, such as surface enhanced Raman spectroscopy, 
plasmon enhanced fluorescence, and surface plasmon enhanced absorption in 
solar cells.126-129 The plasmon resonance wavelength is a crucial parameter in all 
of these applications; therefore its tunability to a desired wavelength is greatly 
beneficial. This can be achieved by controlling size, shape, material of the 
nanoparticles, and the dielectric constant of the surrounding media.130 Another 
effective way of realizing the tunability of LSPR is by the introduction of a metal 
film in the vicinity of metal nanoparticles. In addition, some other features 
exhibited by the interaction between a conducting film and metal nanoparticles 
make it an attractive candidate for nanophotonic applications. For example, the 
particle-film system functions as an effective optical antenna, capable of 
localizing the visible radiation to subwavelength dimensions in order to control 
the interaction between light and matter at the nanoscale.131 Previously both 
theoretical and experimental studies proved the tunability of the LSPR 
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wavelength by changing the distance between metal nanoparticles and a metal 
film due to the change in the coupling strength of the electromagnetic field 
surrounding the particles and the metal film.129, 132 In this experiment, we studied 
the tunability of the resonance wavelength of LSPR by varying the distance 
between graphene and Au nanoparticles in a very small length scale. It is 
estimated that every nanometer of change in the distance between graphene and 
the nanoparticles corresponds to a resonance wavelength shift of ~12 nm. The 
nanoparticle-graphene separation changes the coupling strength of the 
electromagnetic field of the excited plasmon in the nanoparticles and the 
antiparallel image dipoles in graphene. 
 
3.2 Summary of experiments 
 
A 1 cm × 1 cm single layer graphene thin film, grown by CVD on a 
copper film is transferred to a transparent borosilicate glass substrate. A Raman 
spectrum of graphene on a bare borosilicate glass substrate is shown in Figure 
29(a). The G and 2D peaks confirm the presence of graphene without detectable 
D peak suggesting the absence of microscopic disorder in graphene. The 
transmission spectra of a borosilicate glass substrate without and with graphene 
are shown in the inset of Figure 29(a). With a graphene layer on top of the glass 
substrate, the transmittance reduces by ~ 2%, which is comparable with the 
previously reported opacity of single layer graphene.12 A layer of Al with a 
thickness less than 2 nm is deposited on top of the sample by an electron beam 
evaporator, followed by natural oxidation under ambient conditions. Al2O3 films 
of four different thicknesses are prepared in different areas of the same graphene 
sample. The thickness of Al2O3 is estimated to be 0.3, 0.7, 0.9, and 1.8 nm, 
respectively, by an ellipsometry technique. On top of the Al2O3 layer, 1.5 nm of 
Au film is deposited and the scanning SEM image shows the formation of Au 
nanoparticles as shown in the upper inset of Figure 29(b). The Au metal 
nanoparticles are spheres with a diameter of ~ 10 nm. Figure 29(b) illustrates the 
structure of the sample. The variation of the Al2O3 thickness shows no noticeable 
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difference in the average size of Au nanoparticles. LSPR is characterized by a 
UV-visible spectrophotometer in the transmission mode. An unpolarized light 





Figure 29. (a) A Raman spectrum of single layer CVD graphene using an 
excitation wavelength of 532 nm. The inset of (a) shows the transmisstion data of a 
borosilicate glass substrate without and with graphene. (b) An illustration of the 
sample structure. The upper inset in (b) is a SEM image of Au nanoparticles formed 






3.3 Shifting of surface plasmon resonance with very thin Al2O3 
 
The transmittance of the bare glass substrate with various thicknesses of 
Al2O3 remains at a constant value in the range of the measurement (400-1800 nm) 
as shown in Figure 30. A similar result is seen for graphene samples with various 
thicknesses of Al2O3 shown in Figure 31. After the deposition of Au nanoparticles 
on top of the Al2O3 layer, the transmission spectra are taken for both bare glass 
samples and graphene samples. An obvious difference in transmittance is 
observed between samples without and with a graphene film as shown in Figure 
32 and 33, respectively. In Figure 32 the LSPR resonance dip of the bare glass 
substrate shows no noticeable difference despite the variation of the Al2O3 spacer 
layer thickness. The resonance wavelength is 569 nm, and the full width at half 
maximum (FWHM) of the dip is 128 nm. In contrast, for graphene samples in 
Figure 33, a blue shift of the resonance wavelength is observed with increasing 
the thickness of the Al2O3 spacer layer. By varying the spacer layer thickness 
from 0.3 to 1.8 nm, the resonance wavelength is shifted from 583 to 566 nm. This 
corresponds to a resonance wavelength shift of ~ 12 nm for every nanometer 
change in the distance between graphene and nanoparticles, which is a two fold 
increase in the tunability in comparison to that introduced by the silver 
nanoparticles and gold thin film system.129 In addition, the FWHM of the dips 
decreases as the thickness of Al2O3 layer increases. Figure 34 illustrates the 
tunability of LSPR wavelength achieved by varying the thickness of the spacer 
layer between graphene and Au particles. Since the thickness of Al is very small 
and the deposition is performed at room temperature, Al2O3 may not be a 
continuous film. However, it is clear that the shift in the resonance wavelength 
and our conclusions are not affected because of the flatness of the system, 





Figure 30. Transmission spectra of a glass substrate capped with different 
thicknesses of Al2O3. Inset: cross section view of the device structure. Purple 
color: Al2O3 layer. Green color: glass substrate. 
 
Figure 31. Transmission spectra from samples of glass/graphene/Al2O3. Inset: 




Figure 32. Transmission spectra from samples of glass/Al2O3/particles. Inset: 
cross section view of the device structure. Purple color: Al2O3 layer. Green color: 
glass substrate. 
 
Figure 33. Transmission spectra from samples of glass/graphene/Al2O3/particles 
with various thicknesses of Al2O3. Inset: cross section view of the device 
structure. The arrow shows a shift in the resonance wavelength. Purple color: 
Al2O3 layer. Green color: glass substrate. 
 
In order to evaluate the quality of graphene film after the deposition of 
metals on top of graphene, Raman measurements with a 488 nm excitation laser 
for different thicknesses of the spacer layer are carried out as shown in Figure 35. 
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Although a D peak is present in the spectra, there is no noticeable difference for 
different thicknesses of the spacer layer. Since the level of defect for different 
thicknesses of Al2O3 is similar, the defects are not the origin of the shifting of the 
LSPR wavelength. In addition, the graphene film is in the early phase of 
amorphization, according to the model by Ferrari and Robertson.133 The in-plane 
correlation length (La) is estimated to be ~ 8.7 nm which is well above the limit of 
conductivity lost of graphene sheet. 134, 135 Therefore, the presence of defects does 
not affect the functionality of graphene as a conductive film below Au 
nanoparticles. 
 




Figure 35. Raman spectra of graphene samples after the deposition of Al2O3 and 
Au nanoparticles. 
  
Figure 36. Calculation results of the surface plasmon resonance wavelength 
excited by vertical electric fields. Inset: the schematic configuration of the 





Figure 37. Calculation results based on lateral electric fields. The arrow shows a 
shift in the resonance wavelength.   
 
 
3.4 Theoretical analysis 
 
The wavelength shift in LSPR is caused by the coupling between the 
localized electromagnetic field surrounding the metal nanoparticles and the 
conducting film.132 Since the incident unpolarized light beam is perpendicular to 
the sample surface, the electric field has no vertical component with respect to the 
sample surface, which means only lateral electron oscillations in the metal 
nanoparticles can be induced. When the distance between metal nanoparticles and 
the conducting film is small, an antiparallel image dipole will be formed in the 
conducting film. The presence of an antiparallel image dipole reduces the internal 
field in the nanoparticles, which results in a red shift of the resonance wavelength 
and the interaction between the dipoles decreases as the spacer layer thickness 
increases.129 As a result, the resonance wavelength shows a blue shift with 
increasing the spacer layer. Therefore, our result infers the formation of laterally 
oscillating image dipoles in graphene. As proposed theoretically, the laterally 
oscillating image dipoles introduce less resonance shift as compared to the 
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vertically oscillating image dipoles.132 To induce the vertically oscillating image 
dipoles, an electrical field with a component perpendicular to the sample surface 
must be present. For this purpose, the sample is titled for various angles (30°, 45°, 
and 60°) in our experimental setup and the transmission spectra are measured. But 
no additional resonance dip is observed and there is no observable change in the 
resonance wavelength compared to the case of zero tilting, suggesting that no 
vertical oscillating dipole is present in our sample.  
Theoretical calculation based on dipole approximation has been carried 
out to compare with the experimental results. A schematic illustration of the 
structure for calculations is shown in the inset of Figure 36. A gold nanosphere is 
floating in air above a graphene substrate. The thickness of the substrate is 
assumed to be semi-infinite. The dielectric constant of graphene is based on an 
assumption that the optical response of every graphene layer is given by optical 
sheet conductivity.136 The dielectric constant of gold is taken from literature.137 A 
gold nanosphere is represented by a single dipole. Considering the formation of 
an antiparallel dipole in the substrate, the polarizability of the gold sphere is given 
by 
13
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in which α  is the polarizability of the gold sphere, a  is the radius of the sphere 
(5 nm), β  is taken as 2 for the vertical electric field or 1 for the lateral electric 
field, and d  is the distance from the edge of the gold sphere to the substrate 
surface.132 1ε , 2ε  and 3ε  are the dielectric constants of gold, surrounding media, 
and the substrate, respectively. The above equation is derived from the 
polarizability tensor equation for a small particle as stated below, accounting for 
the effect of coupling of the dipole to itself through an image dipole in the 
substrate.138, 139 
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where 0α is the polarizability of a spherical particle, I  is the unit dyadic tensor, k is 
the wave vector of incident light, 0ε is vacuum permittivity,  ( )',
s
G r r  is the dyadic 
Green’s function that related to the substrate effect, and pr  is the position of the 
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in which V is the volume of the spherical particle. Lastly, with the electrostatic 
approximation of the Green’s function  ( )',sG r r , the equation of the polarization 
tensor becomes140-142  
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in which ξ is a introduced material parameter with 
( ) ( ) ( ) ( )2 3 1 2 2 3 1 2/ 2ξ ε ε ε ε ε ε ε ε= − − + +       , and η  a geometrical parameter 
with ( ) 3/ 2a dη =    . By substituting these two parameters inside the equation and 
introducing β  to distinguish the vertical and horizontal electric field, equation (1) 
is obtained. The absorption efficiency absQ  and the scattering efficiency scaQ  are 
given by ( )2[ / ]ImabsQ k aπ α=  and 
24 2 2[ / 6 ]scaQ k aπ α= , respectively.
132 The 
summation of these two gives the extinction efficiency, extQ . The calculated result 
of 1- extQ  , which is proportional to the transmission value, versus wavelength for 
the vertical electric field is shown in Figure 36 and that of the lateral electric field is 
shown in Figure 37. Despite of only a single sphere in the calculation, the result is 
in good agreement with the experimental result, showing a blue shift of the 
resonance dip as the distance between a sphere and the substrate increases. A small 
difference in the surface plasmon resonance position between the calculation and 
experiment could be due to the assumptions in calculation such as a semi-infinite 
substrate and the structure difference between calculation and experiments. 
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Simulations using the Finite Difference Time Domain (FDTD) method were 
carried out as well. A 3D model was constructed based on the structure of the 
sample. The diameter of the particles was set as 10 nm with a center to center 
distance of 20 nm between them. The spacer layer is Al2O3. Similar to the 
experimental and theoretical calculation results, a blue-shift is observed when the 
thickness of the spacer layer increases, as shown in Figure 38.  
 
Figure 38. FDTD simulation results. The arrow shows a shift in the resonance 












3.5 Conclusion  
 
The wavelength of localized surface plasmon resonance depends on the 
thickness of the Al2O3 spacer layer between graphene and Au nanoparticles. The 
tunability of the surface plasmon resonance wavelength is demonstrated by varying 
the thickness of spacer layer. By varying the spacer layer thickness from 0.3 to 
1.8nm, a blue shift is observed in the resonance wavelength, which shifted from 
583 to 566 nm. The observed phenomenon is attributed to the formation of 
oscillating image dipoles in graphene and the calculation result based on dipole 
approximation shows good agreement qualitatively with the experimental data. This 
is the first experimental demonstration of LSPR resonance tuning in the 

























Chapter 4: Study of the electromagnetic coupling between 
graphene and Au nanoparticles with thicker spacer layers 
 
4.1 Introduction  
 
In the work discussed in the previous chapter, the results demonstrate the 
tunability of the LSPR resonance wavelength by adjusting the electromagnetic 
coupling between graphene and gold nanoparticles with very thin spacer layers (< 
2 nm). In this chapter, we have investigated the coupling of the electromagnetic 
field between surface plasmon excited in gold nanoparticles and the anti-parallel 
image dipoles formed in graphene over thicker spacer layers (up to 35 nm). This 
is to observe the trend of the shifting until the electromagnetic field coupling is 
too small to cause any effect, and to acquire more insight for the phenomenon. As 
the spacer thickness increases from 0 to 15 nm, a blue-shift of the surface 
plasmon resonance from 599 to 570 nm is observed. This is similar as the 
phenomenon described by previous chapter and can be explained by the reduction 
of the coupling strength of the electromagnetic field of the excited plasmon in the 
nanoparticles and the anti-parallel image dipoles in graphene. The experimental 
results fit well with the plasmon ruler equation reported previously for the near-
field electromagnetic field coupling.143 The decay length is estimated to be 0.36. 
However, a further increment of the separation to 20 nm shifts the resonance 
wavelength back to a longer wavelength of 586 nm and the resonance wavelength 
saturates regardless of any further increment of the separation up to 35 nm. These 
findings facilitate a better understanding of the electromagnetic coupling and 
provide an opportunity of wavelength selection in the 
graphene/spacer/nanoparticle system which could be utilized in multicolor 








4.2 Experimental results 
 
Single layer graphene grown by CVD on copper films is utilized in the 
experiment. The CVD graphene thin films are transferred to transparent 
borosilicate glass substrates for the transmission measurements. Before any 
experimental steps, it is essential to check the quality of the graphene film. The 
quality of the graphene on borosilicate glass substrates is examined by Raman 
spectroscopy. As shown in Figure 39, the absence of the D peak and a sharp 2D 
peak illustrates high-quality single layer graphene 100. The transmission data in 
Figure 40 without and with graphene show a difference of ~ 2.3%, which matches 
well with the opacity of single layer graphene 12. A layer of Al thin film less than 
3 nm is deposited on top of the graphene samples by electron beam evaporation, 
followed by natural oxidation under ambient conditions. In order to ensure that 
the Al thin film is fully oxidized into Al2O3, the above steps are repeated for a 
thicker Al2O3 film. The thickness of the film is monitored through quartz crystals 
during the deposition, and estimated by an ellipsometer after the oxidation 
process. Subsequently, a 1.5 nm Au film is deposited to form Au nanoparticles. 
The structure of the sample is illustrated in Figure 41. The size of the 
nanoparticles is examined by SEM as shown in Figure 42, and there is no 
observable difference in nanoparticles for various thicknesses of Al2O3. An image 
processing software, ImageJ is utilized to analyze the size of the nanoparticles. 
The average diameter of the spherical nanoparticles is ~ 10 nm with a standard 
deviation of 2.4 nm. The variation of the LSPR wavelength in Au nanoparticles is 
carried out through transmission measurements in an UV-visible 
spectrophotometer. An unpolarized light source is used to excite LSPR on Au 
nanoparticles and the incident light illuminates the sample perpendicularly. The 
excitation of LSPR on Au nanoparticles causes extinction of the transmitted light. 




Figure 39. Raman spectrum of single layer CVD graphene with a 488 nm laser. 
 
 









Figure 41. Illustration of the sample structure (inset: cross section view of the 
device structure). 
 
            









Seven different Al2O3 films from 5 to 35 nm are deposited on bare glass 
substrates and graphene samples. The samples without graphene function as 
control samples. All samples have been processed together to minimize any 
experimental error due to fabrication condition changes. The transmission spectra 
of the samples have been measured right after the oxidation process. As shown in 
Figure 43, the transmission spectra remain flat through the measurement range for 
glass samples capped with different thicknesses of Al2O3. The transmission 
difference is less than 3% between samples capped with various thicknesses of the 
Al2O3 film. A similar result is observed for graphene samples as shown in Figure 
44 with slightly smaller transmission values due to graphene. After the formation 
of Au nanoparticles on the samples, the transmission spectra are measured again. 
Figure 45 shows the transmission spectra of samples without graphene. The 
presence of transmission dips and its position agrees well with the resonance 
wavelength of Au nanoparticles, indicating the excitation of LSPR.144 A large 
red-shift of the resonance is observed, when a 5 nm Al2O3 layer is introduced 
between the glass substrate and the Au particles compared to the case when there 
is no Al2O3 in the structure. A further increment of the thickness of the Al2O3 
layer from 5 to 35 nm induces a small red-shift (~ 9 nm) of the LSPR. The 
transmission spectra of graphene samples with various Al2O3 thicknesses are 
shown in Figure 46. Unlike the samples without graphene, a blue-shift of 29 nm is 
observed, when the thickness of the spacer layer increases from 0 to 15 nm. A 
further increment of the thickness to 20 nm causes a red-shift of the resonance 
wavelength and no further shifting is observed regardless of the increment of the 





Figure 43. Transmission spectra of glass substrates capped with different 
thicknesses of Al2O3. Inset: shows a cross section view of the structure. 
 
 
Figure 44. Transmission spectra from a structure of glass/graphene/Al2O3. Inset: 





Figure 45. Transmission spectra from a structure of glass/Al2O3/particles. Inset: 




 Figure 46. Transmission spectra from a structure of 
glass/graphene/Al2O3/particles with various thicknesses of Al2O3. Inset: shows a 





4.3 Theoretical analysis 
 
Figure 47 shows the result of the theoretical calculation of the transmission 
value (1 − extinction efficiency) as a function of the separation between a gold 
nanosphere and a graphene substrate. The theoretical calculation is carried out 
based on dipole approximation, which is a common model to study the effect of a 
conductive film to the LSPR of metal nanoparticles.145 The structure utilized in the 
calculation is shown in the inset of Figure 47, in which a gold nanosphere is placed 
above a graphene substrate with a separation of d. The dielectric constant of 
graphene is calculated by assuming that the optical response of a single graphene 
layer is given by the optical sheet conductivity, and the dielectric constant of gold is 
from the literatures.137, 146 The calculated resonance wavelength as a function of the 
spacer layer thickness is shown in Figure 48 as a blue line. A blue-shift of the 
resonance wavelength is clear for thinner insulating layers (0 to 10 nm), however, 
the resonance wavelength saturates when the thickness increases beyond 10 nm. 
This model correctly explains the observed blue-shift, but does not describe the 
subsequent red-shift nor does the model predict the correct resonance wavelength. 
Such deficiencies are presumably due to the assumptions of the model. For 
example, only one nanosphere is included in the calculation instead of many 
nanospheres. It has been observed that when nanoparticles are in close proximity, 
the coupling of the surface plasmon modes of nanoparticles causes a red-shift of the 
resonance wavelength.147-150 Simulations using the FDTD method have also been 
carried out. Similar to the theoretical calculation results, a blue-shift was observed 
as the thickness of spacer layer increases. 
The experimental and calculation results of the resonance wavelength as a 
function of the spacer layer thickness are summarized in Figure 48. A different 
trend in the shifting of LSPR without and with graphene is obvious. For samples 
without graphene, a red shift of the LSPR can be explained by an increment of the 
relative permittivity of the physical environment, since the relative permittivity of 
Al2O3 is higher than that of glass and air.130, 151 For samples with graphene, a 
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blue-shift can be accounted for by the coupling of the electromagnetic field 
between the particles and the conducting film.129, 145 When LSPR is excited in the 
nanoparticles, an anti-parallel image dipole of the resonance is induced in the 
metal film. A stronger electromagnetic coupling between the nanoparticles and 
the metal film causes a longer resonance wavelength. As the separation increases 
from 0 to 15 nm, the coupling strength reduces resulting in a blue-shift in the 
resonance wavelength. A fit of our experimental data for spacer layer thickness 
from 0 to 15 nm by using an exponential equation is shown in Figure 49. The 
plasmon ruler equation is given by 0 0/ exp( / )a x yλ λ τ∆ = × − + , where a , τ (decay 
length), and 0y are the fitting parameters. 0λ  is the shortest resonance wavelength, 
λ∆  equals to the change in wavelength compared to 0λ , x is given by the spacer 
layer thickness (d) over the diameter of nanoparticles (R) 143, 152. The equation is 
initially proposed for the particle-particle system to study the plasmon coupling in 
nanoparticles pairs, and has been also used for particle-substrate system, since the 
image dipole in the substrate/metal film can be regarded as the actual charge in 
the other particle.152 The fitting of our experimental data shows a decay length of 
0.36, which agrees well with the decay length (0.3) of the particle-substrate 
system reported previously.152  
 
Figure 47. Calculation results of the LSPR wavelength excited by parallel electric 
fields (inset: structure used for calculation). 
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Figure 48. Dependence of the resonance wavelength on the spacer layer thickness 




Figure 49. Fitting of experimental data with the plasmon ruler equation. 
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Figure 50. Raman spectra of samples after deposition processes. 
 
A further increment of the distance between nanoparticles and graphene 
above 15 nm induces a red-shift and then a saturation of the resonance 
wavelength. The result is different from the previous studies of the two particles 
system and particle-substrate system, in which only blue-shift is observed with 
increasing of the spacer layer thickness.143, 152 However, a similar effect has been 
reported for a silver nanoparticle and gold thin film system.153 The blue-shift can 
be explained by the weakening of the coupling strength of the electromagnetic 
field as the distance between the particles and graphene increases. The reason of a 
red-shifting phenomenon could be very complicated, since for an intermediate 
spacer layer thickness, both the polarizability of the spacer layer and the charge 
response in the graphene film affect the LSPR of the metal nanoparticles 153. In 
our theoretical model, the polarizability of the spacer layer is not considered. For 
large values of d, the resonance wavelength is expected to saturate to the value of 
the system without graphene. As shown in Figure 48, the resonance wavelength 
without and with graphene converges to a similar value for very thick spacer 
layers. 
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Raman spectra of the graphene samples after the deposition processes are 
measured as shown in Figure 48 to evaluate the quality of graphene. For graphene 
capped with different thicknesses of Al2O3, the spectra do not show any noticeable 
difference 64. For a direct deposition of Au on top of graphene, a slightly smaller G 
to D peak ratio is observed as shown in Figure 50. This is reasonable since the 
evaporation of Au is performed at a higher temperature compared to the case of Al. 
Although a D peak is present in the spectra, the G and 2D peaks are well preserved, 
demonstrating that the structural integrity of the graphene film is retained. The 
in-plane correlation length is ~ 4.3 nm and ~ 4.1 nm for graphene capped with and 
without a spacer layer, respectively 154. The in-plane correlation length is much 
larger than the conductivity lost limit of graphene 135, 155. Therefore, graphene can 




By adjusting the thickness of the insulating spacer layer between Au 
nanoparticles and  a single layer graphene thin film, the wavelength of LSPR can 
be altered. As the separation between Au nanoparticles and graphene increases 
from 0 to 15 nm, the resonance wavelength has a blue-shift of ~ 29 nm. A further 
increment of the distance between these two parties causes a red-shift of the 
resonance, and the shifting saturates when the distance is more than 20 nm. This 
is the first time that the saturation of the shifting of LSPR wavelength induced by 
variation of the spacer layer thickness in the metal nanoparticle-graphene film 
system is achieved. In addition, the unexpected red-shift is also an interesting 
phenomenon which needs further investigation. Our study facilitates a 
comprehensive experimental study of the coupling of electromagnetic field of 
LSPR excited in Au nanoparticles and graphene, Furthermore, our results 
suggests a straightforward and effective way of achieving multicolor selection of 




Chapter 5: Surface enhanced Raman spectroscopy 
of SiC graphene 
5.1 Introduction 
 
Raman spectroscopy is a common and non-destructive tool to characterize 
the structural characteristics of graphene. The number of layers of graphene can 
be easily distinguished by the evolution of the shape of the 2D peak, and the 
shifting of the peak position of both the 2D and G peaks.89 It is also capable of 
monitoring the doping, defects, thermal conductivity, and strain of graphene.104, 
156-158 However, the Raman signal of graphene is not strong enough for some fine 
structural characteristics, such as vacancies, edge structures, and crumpling.159 
This is mainly due to the fact that for Raman scattering, the majority of the 
incident light undergoes Rayleigh scattering which does not contribute to the 
Raman signal, and the greater part of the incident light is transmitted through 
graphene without contributing to the scattered radiation.159 Therefore, researchers 
are continuously working on new methods to improve the strength of Raman 
signal.  
The substrate commonly used for mechanical exfoliated graphene is a Si 
substrate capped with a layer of SiO2 with a specific thickness, which is designed 
for easier observation of exfoliated graphene under an optical microscopy. It is 
found that this special substrate structure not only enhances the optical contrast 
between graphene and the background, but also provides an enhancement of the 
Raman signal through interference-enhanced Raman scattering (IERS).67 Hence, 
exfoliated graphene with the special Si/SiO2 substrate always has a stronger 
Raman signal compared with epitaxial graphene on a SiC substrate. Epitaxial 
graphene on a SiC substrate is a promising candidate for electronic applications, 
since it provides a semiconducting substrate by default and comprises a uniform 
layer compared to CVD graphene.43 In addition to IERS, SERS is another method 
that boosts the strength of the Raman signal.160, 161 Thus far, most of the research 
studies about SERS of graphene have been carried out on exfoliated graphene, 
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whereas no results have been published for epitaxial graphene on a SiC substrate. 
For SERS, metal nanoparticles are often included in the system to induce the 
primary mechanisms of the enhancement which is the localized electromagnetic 
field surrounding the nanoparticles caused by LSPR.162 Two main mechanisms of 
SERS are chemical enhancement, which requires a direct contact between 
graphene and nanoparticles, and electromagnetic enhancement.163-165 
In this experiment, a layer of Al2O3 with various thicknesses is inserted 
between graphene and Au nanoparticles to study the electromagnetic 
enhancement of SERS solely by eliminating the possibility of chemical 
enhancement of SERS caused by charge transfer. In addition, through variation of 
the thickness of Al2O3 the effect of the spacer layer on SERS can be studied. The 
experimental result of the enhancement factor as a function of the excitation laser 
wavelength agrees well with the theoretical calculation of the extinction spectrum 
of LSPR, providing a selection guide to laser wavelengths in order to obtain the 
maximum SERS of graphene. Furthermore, an exponential relationship between 
the thickness of the Al2O3 insulating layer and the electromagnetic enhancement 
factor is observed. 
 
5.2 Summary of experiments 
 
The graphene used in our experiment is single layer graphene thin films 
grown on a Si-terminated 6H-SiC (0001) surface. The film thickness is confirmed 
by STM followed by Raman spectroscopy.163, 166, 167 Metal nanoparticles are 
formed by evaporating a thin Au film (5 nm), followed by annealing in 500 °C 
under an N2 environment for 20 min. The fabrication processes are shown in 
Figure 51(a). The SEM images of metal nanoparticles formed on top of the 
sample with different Al2O3 thicknesses show no noticeable change in the average 
size of diameter (~15 nm). The inset of Figure 51(b) shows one of the SEM 




Figure 51. (a) Schematic illustration of sample fabrication process. (b) The 
transmission spectra of the area without and with Au nanoparticles on the 
same sample (inset: SEM image of Au nanoparticles formed on top of 
Al2O3). 
 
The transmission spectrum shown in Figure 51(b) is obtained to verify the 
excitation of LSPR in the structure. The transmission spectra without and with Au 
nanoparticles show apparent differences. The transmission data with Au 
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nanoparticles shows an additional valley compared with that without 
nanoparticles. The minimum transmission appears at ~560 nm which matches 
well with the LSPR wavelength of gold nanoparticles.168  
 
5.3 SERS with different lasers 
 
Raman spectra of the same sample are taken with four excitation lasers 
with different wavelengths (325, 488, 532, and 785 nm) on the area without and 
with nanoparticles, as shown in Figure 52(a) and 52(b), respectively. The 
thickness of Al2O3 is 3 nm. The enhancement factor is calculated through two 
steps. First, the intensity of the G peak (~1580 cm-1) for each spectrum is 
normalized with the SiC substrate peak at ~ 1519 cm-1. The SiC substrate peak is 
comparable for samples deposited without and with nanoparticles under the same 
experimental conditions on the same sample; therefore this step allows us to get a 
more reliable comparison result. Then for each wavelength, the enhancement 
factor is computed by using the intensity of the G peak obtained with Au particles 
divided by that without particles. It is observed that the enhancement factor of G 
peak is always greater than 1, when the sample is capped with Au particles. 
Figure 52(c) shows the enhancement factors of four different excitation lasers, 
indicating the maximum enhancement with a 532 nm laser. Previously, detailed 
wavelength-scanned surface-enhanced Raman excitation spectroscopy (WS-
SERES) and plasmon-sampled surface-enhanced Raman excitation spectroscopy 
demonstrated that the maximum SERS enhancement occurs when the excitation 
wavelength of the laser is slightly blue-shifted from the resonance wavelength of 
LSPR.169-171 Considering the above observation and that 532 nm is the nearest 
laser wavelength to the surface plasmon resonance wavelength (560 nm) of Au 
particles, strong electromagnetic fields surrounding the Au particles induce more 
electromagnetic enhancement to the Raman intensity. However, an unexpectedly 
low enhancement factor is obtained, when the 488 nm laser is utilized. As 488 nm 
is rather close to the LSPR wavelength, its enhancement should be higher than the 





























Figure 52. Raman spectra obtained on the same sample with different exitation 
laser wavelengths (325, 488, 532, and 785 nm) without (a), and with (b) 
nanoparticles. The thickness of Al2O3 is 3 nm. (c) Enhancement factor of the G 
peak and the calculated extinction efficiency of Au nanoparticles vs. wavelength 
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Figure 53. Raman spectra of SiC graphene capped with different thicknesses of 
Al2O3 from samples without (a), and with (b) nanoparticles. (c) The relationship 
between the enhancement factor and the thickness of the Al2O3 spacer layer. The 
calculated extinction efficiency is shown as well. The excitation wavelength of 
the laser is 488 nm. The y-axis in (c) is on a logarithmic scale. (d) Raman spectra 
of SiC graphene samples with different thicknesses of Al2O3 after removing Au 
nanoparticles with aqua regia. 
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The relationship between the enhancement factor and the distance between 
Au nanoparticles and graphene has also been investigated. For different Al2O3 
thicknesses, the Raman data before and after the formation of Au nanoparticles 
have been measured. The excitation wavelength of the laser is 488 nm. Without 
Au nanoparticles in the structure, the intensity of the G peak does not change with 
various Al2O3 thicknesses as shown in Figure 53(a). After forming Au 
nanoparticles, the enhancement factor of the G peak decreases with an increase in 
the Al2O3 thickness, as indicated in Figure 53(b). The enhancement factor falls off 
exponentially with an increase in the insulator thickness, as shown in Figure 
53(c). An enhancement factor of 1.2 is still present when the thickness of Al2O3 
increases to 12 nm 
 
5.5 Theoretical analysis 
 
It is known through WS-SERES that the line shape of SERS should be 
similar to that of the LSPR extinction spectra.169, 172 In order to understand the 
above observation, theoretical calculations of the extinction efficiency based on 
dipole approximation have been carried out. The details of the calculation have 
been discussed in chapter 3. In the calculation, Au nanoparticle with diameter of 
15 nm is embedded in a mixture of Al2O3 (30%) and air (70%) above graphene. 
The extinction efficiency is plotted in Figure 52(c). It is clear that the calculation 
result fits qualitatively well with the experimental data. This shows that the 
presence of graphene can change the extinction spectrum of Au nanoparticles 
substantially, which leads to a nonmonotonic change in the enhancement factor of 
SERS with different excitation wavelength lasers. The enhancement factor can be 
improved by optimizing the size and interspaces of the nanoparticles.  
The extinction efficiency is calculated with various Al2O3 thicknesses 
based on Eq. (1) in chapter 3 as shown in Figure 53(c), and it shows a decreasing 
trend similar to the experimental data. The observed data can be better accounted 
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for by the exponential decay of electromagnetic fields of LSPR away from its 
excitation source (Au nanoparticles) because of the evanescent nature of the 
LSPR.173 One recent report also showed an exponential decrease of the 
photoluminescence enhancement ratio as the thickness of the SiO2 spacer between 
graphene and the ZnO layer increases.129  
In order to ensure that there is no diffusion of Au nanoparticles through 
the Al2O3  spacer layer and get in contact with graphene layer which will allow 
charge transfer between Au nanoparticles and graphene, Au nanoparticles are 
etched away using aqua regia. Raman spectra of the samples are taken again as 
shown in the spectra of Figure 53 (d), the enhancement of G peak is absent after 
Au nanoparticles are etched away. This confirms that the presence of the spacer 
layer eliminates the possibility of any chemical enhancement of SERS caused by 
charge transfer. In addition, the change in the thickness of an insulator layer also 
affects the scattering of light and the modulation of the surface plasmon resonance 
wavelength,149 since graphene could change the enhancement factor of the Raman 
intensity. This result can be applied to the research field where graphene is 
utilized as a substrate to obtain more strong Raman signals in the characterization 
of low concentration molecules. Experimental results show that graphene can be 
considered as a substrate for various molecules to obtain better Raman 
spectroscopy.174, 175 Recently Au thin films on graphene have been also used to 
facilitate enhanced Raman signals of molecules.176 Our proposed structure with an 
insulating layer will be particularly useful for certain experiments in which a 




We have studied the SERS induced by metal nanoparticles on SiC 
epitaxial graphene. By inserting a layer of Al2O3 insulator between graphene and 
nanoparticles, the chemical enhancement of Raman spectroscopy caused by 
charge transfer is ruled out. The enhancement of Raman scattering is due to the 
near-field plasmonic effects induced by Au nanoparticles. Excitation lasers with 
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different wavelengths have been utilized to study the relationship between the 
laser wavelength and SERS. Theoretical calculations show that the extinction 
spectrum of Au nanoparticles is modulated by graphene. The experimental results 
of the relationship between the excitation laser wavelength and the enhancement 
factor match well with the calculated results. An exponential relationship is 























In previous chapters we have discussed a system with a graphene thin film 
and metal nanoparticles.63, 66 So far the utilized graphene film is a continuous one, 
and patterned graphene nanostructures have not been utilized together with metal 
nanoparticles. Consequently, experimental results about the optical characteristics 
of the patterned graphene and metal nanoparticles system have not been studied. In 
this chapter we propose a novel system in which graphene nanomesh is patterned 
and isolated gold cylinders fill the vacant (hole) of the nanomesh, as shown in 
Figure 54. As shown in the schematic, graphene nanomeshes fill the space between 
gold nanoparticles. When LSPR is excited in metal nanoparticles, the largest 
electric field will be present in-between two neighboring nanoparticles thus giving 
rise to the largest enhancement of light absorption.177 Therefore, the proposed 
structure is an effective way to enhance the absorption of graphene nanomesh. 
Different nanopatterning methods such as nanoimprinting and laser interference 
lithography are evaluated and electron beam lithography is finally chosen to pattern 
graphene nanomesh. Raman spectroscopy with a laser wavelength of 532 nm is 
utilized to monitor the quality of graphene before and after the patterning process. 
The reflection spectra of the samples are obtained using a micro-spectrophotometer. 
The results demonstrate an enhancement of the absorption of incident light for the 
proposed graphene nanomesh and gold nanoparticles system. This result is valuable 
as it demonstrates the potential of constructing a graphene nanomesh photodetector 
with a high absorption efficiency which is granted by the enhancement of LSPR. In 
addition, it may provide a high on/off ratio due to very narrow ribbon width, which 
can induce bandgap for the graphene nanomesh structure. Besides that, wavelength 




Figure 54. Schematic of graphene nanomesh with metal nanoparticles.  
 
6.2 Fabrication of nanomeshes 
 
In this experiment CVD graphene is transferred on top of silicon substrate 
(1cm × 1cm) capped with a 300 nm thick SiO2 Layer. In order to construct a system 
with graphene nanostructures a proper nanopatterning technique must be utilized. 
Many nanopatterning techniques have been already used to pattern graphene. An 
introduction of those that have been investigated in this experiment is included in 
chapter 2 of this thesis. Nanoimprinting is considered as a high throughput 
technique for nanopatterning and has been used to make graphene nanomesh.121 
The capability of varying the size and period of the nanostructure using a single 
imprint stamp is evaluated in this experiment by changing the viscosity of the 
imprint resist. This is important, since the parameters of the nanostructure need to 
be changed to vary the resonance wavelength of LSPR. The results show that only a 
small variation can be introduced to the nanostructure. Thus, nanoimprinting is 
concluded as not a suitable method for this project. The SEM image of nanoribbons 





Figure 55. SEM image of nanoribbon made by nanoimprinting Upper: Patterned 
nanoribbon with higher viscosity. Lower: Patterened naoribbon with lower 
viscosity. 
 
In addition to nanoimprinting laser interference lithography technique has 
been investigated. The introduction of this technique can be found in chapter 2. The 
size and period of the nanomesh can be varied by adjusting the laser wavelength; 
and angle between the two laser beams. The quality of the patterned graphene is 
monitored by Raman spectroscopy. Figure 56 shows the Raman spectroscopy data 
of the graphene film, after photoresist has been spin coated. The absence of D peak 
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demonstrates that the quality of graphene has been well preserved. SEM image of 
the patterned nanomesh is shown in Figure 57, demonstrating regularly repeating 
patterns over the entire sample. After deposition of a gold film with a thermal 
evaporator and the lift-off process, Raman spectroscopy of the sample in Figure 58 
shows that graphene is completely removed without any noticeable peak. Thus, 
instead of the above mentioned two techniques, electron beam lithography is 
chosen to fabricate nanomesh structures in this thesis. 















Figure 56. Raman spectrosocopy of CVD graphene after spin coating of 
intereference lithography photoresist. 
 
   
Figure 57. SEM image of intereference lithography patterned nanomesh. 
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Figure 58. Raman spectroscopy of the sample after lift-off process. 
 
The condition of electron beam lithography is optimized to produce a 
regularly patterned nanomesh structure. PMMA/MMA double layer electron beam 
resist is used. To examine the quality of graphene thin film, Raman spectroscopy 
was taken before carrying out any experimental process. The measurement result is 
shown in Figure 59, and the absence of D peak demonstrates that graphene thin 
film is of good quality. The size and period of the nanomesh has been varied. To 
have an unambiguous analysis of the effect of LSPR, the same nanomesh structure 
without and with nanoparticles are made on the same CVD graphene film. 
Furthermore, areas without and with graphene film are patterned together during 
the nanomesh patterning process, therefore the area with metal nanoparticles but 
without graphene film is also fabricated. After the deposition and lift-off process, 
the optical characteristics are examined with a UV-Visible-NIR range 
microspectrophotometer CRAIC system. 
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Figure 59. Raman spectroscopy of bare CVD graphene. 
 
6.3 Results and discussion  
 
After sample preparation processes, the Raman spectroscopy data of 
samples without and with nanoparticles are measured as shown in Figure 60 and 61. 
The Raman spectroscopy data show that the fabrication processes introduce defects 
to graphene. However, for both of the cases without and with gold particles, 
graphene is still in the early phase of amorphization according to the model by 
Ferrari and Robertson.133 It is also found that for samples with the same size of 
holes in the nanomesh but with a larger period, the Raman data show that the 
defects introduced to graphene film are less. This is reasonable since a larger 
portion of graphene surface is left over, when the period is longer. AFM is utilized 
to investigate the patterning result of graphene nanomesh and the results in Figure 
62 demonstrate that the graphene nanomesh structure is successfully created after 
the oxygen plasma etching process. AFM images are also taken after the deposition 
of gold nanoparticles. Figure 63 shows the AFM image for the sample A in which 
the diameter of the nanoparticles are ~ 200 nm and the period is 220 nm. Figure 64 
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shows the sample B, where the diameter of nanoparticles are 200 nm, but the period 
is 260 nm.   
















Figure 60. Raman spectroscopy of graphene nanomesh with nanoparticles. Inset: 
schematic of the cross section view. 
















Figure 61. Raman spectroscopy of bare graphene nanomesh. Inset: schematic of 
the cross section view. 
 82 
 
Figure 62. AFM image of graphene nanomesh. 
 
Figure 63. AFM image of graphene nanomesh with gold nanoparticles (sample A).  
 
Figure 64. AFM image of graphene nanomesh with gold nanoparticles (sample B).  
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Finally, the optical characteristics of the samples are investigated by the 
reflection spectroscopy. Measurements are conducted from four different sample 
structures; bare graphene thin film, patterned graphene nanomesh, nanoparticle 
arrays without graphene, and graphene nanomesh with nanoparticles. In order to 
evaluate the net changes of the optical characteristics between all the patterned 
samples and bare graphene thin film, the reflectance of every structure is subtracted 
from the bare graphene reflectance followed by normalization. Figure 65 and 66 
shows the relationship between the net reflectance change ( ∆R) and wavelength for 
the sample A and sample B, respectively. In the plots two peaks are observed when 
gold nanoparticles are included in the structure. It is commonly known that LSPR 
will increase the absorption of light, and absorption is inversely proportional to the 
reflectance. Thus the presents of a peak in the ∆R spectrum represents an increase 
of absorption compared to the bare graphene film. One of the peaks is around 610 
nm, which agrees well with a resonance wavelength of gold nanoparticles with a 
diameter ~ 200 nm.77 The other peak in a shorter wavelength ~ 360 nm might be 
due to the LSPR quadrupole resonance in the nanoparticles. It is found that as the 
period increases, both peaks slightly shift to the shorter wavelengths. Another 
observation is that the intensities of ∆R in the two peaks are higher than that of bare 
nanoparticle arrays, when graphene is included in the structure. This indicates that 
the absorption of graphene nanomesh is enhanced due to LSPR with the presents of 
gold nanoparticles. The enhancement for the sample B is larger compared with the 
sample A, when graphene nanomesh exists with gold nanoparticles. Further 
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6.4 Conclusion  
 
Different nanopatterning techniques are investigated to fabricate graphene 
nanostructures and electron beam lithography is finally selected to make the 
graphene nanomesh structure with metal nanoparticles. The quality of graphene is 
monitored carefully by Raman spectroscopy before and after the experimental 
processes. Defects are introduced to graphene during the fabrication processes, 
however, it is still in the early stage of amorphization. The optical characteristics of 
the samples are investigated through the reflection spectroscopy measurements. It is 
found that the presence of nanoparticles in the hole of graphene nanomesh largely 
enhances the absorption of the graphene nanomesh structure around the resonance 
wavelength of LSPR. This results demonstrate the potential of constructing 
graphene nanomesh photodetectors with a high on/off ratio, light absorption 
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 Chapter 7: Conclusion and future works 
 
7.1 Conclusion  
 
Graphene is considered as a basic building block for all the other graphitic 
materials in all other dimensionalities,43 and it has been intensively studied since its 
discovery in 2004. The advance in large scale manufacturing of graphene enables 
mass production of graphene devices. Graphene has been used as the channel 
material in high frequency transistor device.29, 33 However, it is believed that the 
true potential of graphene lies in the optical area. It is demonstrated as a promising 
candidate to replace ITO as transparent conductive electrodes,44 and has been also 
utilized as the active material for optoelectronic devices such as photodetectors.60 
One of the drawbacks of graphene functioning as the active material is the low light 
absorption over a wide wavelength range. One of the methods to overcome the 
drawback is to utilize the LSPR enhanced absorption. So far the electromagnetic 
coupling between graphene and LSPR excited in metal nanoparticles has not been 
studied systematically.  
Therefore, in this thesis the electromagnetic coupling between graphene and 
metal nanoparticles are studied by varying the spacer layer thickness between the 
two parties over a very small range first. By varying the spacer layer thickness from 
0.3 to 1.8 nm, the resonance wavelength is shifted from 583 to 566 nm. The shift is 
due to a change in the electromagnetic field coupling strength between the localized 
surface plasmon excited in the gold nanoparticles and a single layer graphene film. 
In contrast, when the graphene film is absent from the system, no noticeable shift in 
the resonance wavelength is observed upon varying the spacer thickness.  
After that, the spacer layer thickness is varied over a much wider range, until 
the saturation of the shifting phenomenon is reached. The system demonstrates a 
blue-shift of 29 nm, as the thickness of the spacer layer increases from 0 to 15 nm. 
This is due to the electromagnetic coupling between the localized surface plasmon 
excited in the nanoparticles and the graphene film. The strength of the coupling 
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decays exponentially with a decay length of d/R=0.36, where d is the spacer layer 
thickness and R is the diameter of the Au nanoparticles. The result agrees 
qualitatively well with the plasmon ruler equation. Interestingly, a further increment 
of the spacer layer thickness induces a red-shift of 17 nm in the resonance 
wavelength and the shift saturates when the thickness of the spacer layer increases 
above 20 nm. 
Furthermore, the effect introduced by the electromagnetic coupling between 
LSPR and metal nanoparticles to SERS of SiC graphene is studied. Different 
excitation lasers are utilized to study the relationship between the laser wavelength 
and SERS. The theoretical calculation shows that the extinction spectrum of Au 
nanoparticles is modulated by the presence of graphene. The experimental results of 
the relationship between the excitation laser wavelength and the enhancement 
factor fit well with the calculated results. An exponential relationship is observed 
between the enhancement factor and the thickness of the spacer layer. 
Finally, metal nanoparticles are also utilized together with patterned graphene 
nanomesh structures. In the proposed structure, electron beam lithography is used to 
pattern graphene nanomeshes and oxygen plasma is used to etch away graphene in 
the hole areas. After that, gold nanoparticles are deposited inside the hole areas of 
the nanomeshes. Reflection spectroscopy is measured to study the optical 
characteristics of the proposed structure. The result shows that the presence of 
nanoparticles in the structure largely enhances the absorption of graphene 
nanomeshes. This shows the potential of utilizing the structure to construct 










7.2 Suggestion of future works 
 
The investigation of the electromagnetic coupling between graphene and 
LSPR demonstrates that the resonance wavelength of LSPR can be shifted by 
adjusting the coupling strength between these two parties. It is expected that the 
shifting range can be enlarged by optimizing the parameters associated with gold 
nanoparticles. For example, different metal materials can be used to make 
nanoparticles and the size of nanoparticles can be changed as well. The distance 
between the nanoparticles is another parameter that can be optimized. After the 
optimization, a photodetector with a wavelength selection capability can be 
constructed.  
The experiment of graphene nanomesh with nanoparticles demonstrates the 
potential of building a photodetector with a high on/off ratio, high efficiency, and 
wavelength selectivity. More investigation of the proposed structure can be carried 
out. For example, the relationship between the absorption enhancement and the 
parameters associated with the structure can be investigated. The size and period of 
the nanomesh can be adjusted. Different metal materials can also be used to make 
the nanoparticles. The height of the nanoparticles can also be varied. The electrical 
characteristics of the system can be investigated to analyze the bandgap opening of 
the structure. The optimization should be done such that the absorption 
enhancement is high and at the same time the bandgap is also large enough to 
facilitate a large on/off ratio for the construction of photodetectors. After the 
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